We describe a computational modeling study of a cold atmospheric pressure plasma jet interacting with a dielectric surface placed normal to the jet axis. The plasma jet is generated by the application of a nanosecond pulse voltage applied to a dielectric tube through which the jet issues into ambient air. A base fluid flow field is pre-computed using a Navier-Stokes model for the helium jet impinging on the dielectric target surface with a two-species description for laminar diffusional mixing of the helium and ambient air streams. A self-consistent, multiple species, two-temperature model is used to describe the non-equilibrium plasma discharge dynamics in the presence of the base jet flow field. A single nanosecond pulse discharge event starting from initial breakdown in the dielectric tube, to propagation into the open gap, and finally the interaction with the dielectric surface is simulated. Initially, the plasma forms within the dielectric tube and propagates along the tube surface as a surface discharge driven by large induced electric fields produced by trapped charge on the dielectric surface. When the discharge reaches the end of the dielectric tube, the discharge transitions to a constricted fast ionization wave that propagates along the helium-air interface. The fast ionization wave eventually reaches the dielectric target surface where charged species are deposited as the discharge propagates parallel to the wall as a surface driven discharge. The surface driven discharge ceases to propagate once the quantity of air to helium is sufficient enough to quench the hot electrons and prevent further ionization. Due to the low speed of the flow discharge and the short life times of the radical species such as O, most of the radical species delivered to the surface are a result of the surface discharge that forms after the plasma bullet impinges against the surface. It is found that factors such as the thickness of the target dielectric and the profile of the stagnation helium-air jet significantly impact the net quantity of reactive particles delivered to the surface.
Introduction
The past decade has witnessed strong research interest in nonequilibrium discharges for high (atmospheric) pressure applications. The atmospheric pressure plasma jet (APPJ) is one such device and has emerged as a promising tool with several potential applications [1] . Non-equilibrium APPJ are generated in several device configurations [2] . Typically, a noble 1 Author to whom any correspondence should be addressed. gas such as helium or argon is fed through a tube with a small (∼mm) inner diameter. The gas exhausts into atmospheric air ambient at sufficiently low velocities (∼10 m s −1 ) to form a laminar jet where the noble gas mixes with the air. The tube itself is typically a dielectric material with one or more electrodes on the outside of the tube or embedded within the thickness of the tube. High voltage excitation with a sinusoidal waveform or a train of nanosecond-width voltage pulses are then applied to one of the electrodes. A luminous plasma forms within the tube and extends into the jet in what appears to be a continuous, well-collimated, plasma jet.
The APPJ discharge has several characteristics which make it particularly promising as a plasma source for applications where an external surface is to be treated. First, the plasma is non-equilibrium, with temperatures that typically do not deviate significantly from room temperature. At the same time, the electron temperatures are typically much higher and reactive radical species such as O and N can be produced via electron impact dissociation of the neutral air molecules. Second, is the ability to create plasma at atmospheric pressures without the need for a confined electrode arrangement. It is normally difficult to form plasma in air at atmospheric pressures and often requires a confined electrode arrangement with short separation distances (millimeters) to prevent arcing. With an APPJ discharge, the plasma can be created over distances as far as 5-10 cm from the powered electrodes allowing both radical and charged species to be delivered directly to a surface. Consequently, there is much interest in using cold plasma jets for plasma medicine [3] [4] [5] [6] [7] where the material is sensitive to the bulk gas temperatures.
The physics of the discharge that coincides with the fluid mechanical jet is reasonably well understood. Recent experimental work [8] [9] [10] [11] [12] [13] [14] has shown that the plasma is pulsed and forms as sequence of fast ionization wave that propagate in the direction of the jet. These rapidly propagating pulses of ionization, often referred to as plasma bullets in the literature suggest the discharge is essentially a cold streamer whose direction of propagation is guided by the fluid mechanical properties of the noble gas jet and it's mixing with the ambient air. For high pulse repetition rates the discharge appears as a visibly continuous luminous jet. Fast imaging of the jet on axis (looking into the source) has also revealed that the luminosity of the ionization wave is toroidal in shape [11] . The toroidal structure suggested that a mechanism such as Penning ionization in the diffusion layer where the noble gas and air mix plays a prominent role in the discharge kinetics. Subsequent numerical studies provided further clarification on these experimental observations. The computational simulation work of Boeuf and coworkers [15] , confirmed that the discharge propagates as a streamer along the outer edge of the helium jet core as it mixes with air and the reason the discharge remained confined to the helium jet core is the relative ease of ionizing pure helium compared to air, i.e. the air has a much higher impedance to streamer propagation compared to helium. Computational studies by Naidis [16] and our own group [17, 18] found that Penning ionization reactions played little to no role in the discharge. Our studies [17] have also found that the photoionization mechanism significantly impacts the speed of the streamer propagation, but it not necessary for its propagation.
The mechanism associated with the interaction of the cold atmospheric plasma jet with surfaces is of significant practical interest. In particular, it is important to understand the mechanisms for production and transport of radical and charged species to a surface and the factors that impact the delivery of these species. The present study seeks to provide a computational model-based understanding of the above phenomena.
Plasma and fluid flow model
A simulation tool that couples a plasma model with a flow model is used in this study. The plasma model is a selfconsistent, multi-species, multi-temperature solver that is coupled to a compressible, multiple-species Navier-Stokes fluid flow solver. The compressible Navier-Stokes solver is used to pre-compute the fluid mechanics associated with the noble gas jet diffusing into ambient air and the impingement of the jet on a surface placed normal to the jet axis. The flow field provides the background gas properties for the plasma dynamics that are simulated using the plasma solver. The decoupling of the fluid mechanics of the jet from the plasma dynamics is made possible because of the low-speed flow condition and the negligible gas heating by the plasma.
Plasma model
The plasma solver has been described previously in the context of simulation of micro discharges [19] , direct-current discharges for plasma actuators [20] , streamer discharges for supersonic combustion ignition [21] , and APPJs [18] . The model is described here in some detail with an emphasis on the flow-plasma coupling aspects of the problem.
Species continuity. The number densities (n k ) of the electrons, ions and neutrals are obtained by solving separate continuity equations with finite rate source terms,
Here, k is the species flux for species with index k,Ġ k is the gas production/destruction rate of the species, and K g is the total number of gas species in the plasma. For the high (atmospheric) pressures, the species fluxes are obtained using the drift-diffusion approximation and is written as a sum of the mobility flux term (for charged species), a diffusive flux term, and the contribution from the bulk flow velocity field,
Here, E is the local electric field, D k is the species diffusion coefficients obtained from Lennard-Jones cross sections of the species with the average background gas mixture. The species mobility coefficients µ k for charged species are calculated using either tabulated mobility data as a function of the reduced electric field E/N (ratio of the local electric field magnitude to the background number density) or from the diffusion coefficients using Einstein's relation
where Z k is the species charge number. Note that with this definition the mobility has negative values for negatively charged species. k B is the Boltzmann constant. The meanmass velocity of the flow u is calculated by the flow solver. The above species continuity equation (equation (1)) is solved for all but three dominant background species in the system (helium He, nitrogen N 2 and oxygen O 2 ). The densities of these species are determined by the flow solver as discussed below and held fixed during the plasma solution.
Electrostatic potential. The charged particles generate selfconsistent electric and magnetic fields. Since the current densities are small (weakly ionized plasma) magnetic fields are assumed negligible and the Maxwell's equations reduce to solving a single Poisson's equation for the electrostatic potential,
Here, the electric field is defined as E = − ∇φ, ε 0 is the permittivity of free space, ε r is the relative permittivity. The coupled solution of electron density equation and the Poisson's equation for the self-consistent electric field results in a new dielectric relaxation time scale for the problem that is typically the limiting time scale that must be resolved for simulations that are not fully implicit. The numerical implementation of the Poisson's equation involves a modification to the space charge density term in equation (3) which effectively removes this time-step restriction [22] or [23] .
Electron energy. The electron temperature is obtained by solving a conservation equation for the mean electron energy ε e as, ∂ε e ∂t
The flux ε e can be re-expressed in terms of ε e and the electron transport variables D e and µ e as,
The energy sourceṠ ε e is written aṡ
where the first term is the electron Joule heating, the second is the inelastic energy loss/gain resulting from electron collisions with the remaining heavy species, and the last term is the electron energy loss due to elastic collisions with the heavy species. The summation in the second term is over all electron impact reactions. In equation (6) m k b is the average particle mass of the local background, T is the common heavy species temperature, andν e,k b is the collision frequency of the electron with the background. E e i is the energy lost/gained by an electron in gas reactions (in eV units), where r i is the rate of progress of the reaction i. Heavy species energy source. All heavy species (ions and neutrals) are assumed to be in thermal equilibrium with each other and hence characterized by a single temperature T . As discussed below, the flow solver computes a single gas energy conservation equation, which is essentially the conservation equation for the heavy species energy. Energy transferred to the heavy species via elastic and inelastic collisions can therefore be considered an external source of energy and appear as a source term in the flow energy conservation equation. This source term is written as
where the first term is the ion Joule (summation over ions), the second term is the energy loss/gain from the heavy species pool owing to inelastic collisions (summation over all reactions), and the last term is the energy gain from the electrons through elastic collisions. The last term is negative of the corresponding source term in the electron energy equation. For the atmospheric pressures conditions, the entire kinetic energy gained by the ion in the electric field is assumed to be completely thermalized locally and hence the full contribution of ion Joule heating is used in the gas energy source [24] . E g i is the energy lost/gained by a heavy particle in gas reactions (in eV units).
Air photoionization. The propagation of streamers is influenced strongly by seed electrons that may be available in the ambient. One important source of seed electrons for cathode-directed streamers in air mixtures is the photoionization of oxygen molecules (O 2 + hv → E + O + 2 ) resulting from high energy photons hv (wavelength range 98-102.5 nm (∼12.1-12.65 eV)) produced by de-excitation of excited nitrogen (E + N 2 → E + N 2 + hv). The integral model (Zheleznyak [25] ) and approximations thereof such as the SP 3 [26] and approximate Helmholtz [27] models can be used to describe the photoionization process. In our work a three-term approximate Helmholtz model [28] is used. A detailed description of this model and the parameters used in its implementation is described in our earlier paper [14] .
Fluid flow model
The compressible Navier-Stokes equations are solved to describe the mean-mass flow velocities, the gas pressure, mass density, and the heavy species (gas) temperature. In addition, species mass fraction conservation equations for the three dominant background species (helium He, nitrogen N 2 , and oxygen O 2 ) are solved. The governing equations are written in vector form as
Here, the vector of conserved variables U is listed below as
The variables are the density ρ, the flow velocity u and v, the energy per unit mass E, and the mass fraction of species k is Y k . It is assumed that the different species of interest can be treated as calorically perfect gases. The energy per unit mass can be written in terms of the primitive flow variables as
is the ratio of the mass-averaged constant pressure over constant volume specific heats. For a total of K species (here K = 3) K−1 mass fraction equations that are solved. The mass fraction for the last species K is found using the equation
Note that the plasma comprises many other charged and radical species, but at the high pressures the densities of these species is negligible compared to the densities of the three dominant species calculated by the flow solver. The inviscid flux term F inv is give as
The species mass fraction fluxes are simply the species mass flux multiplied by the species mass fraction. P is the gas static pressure. The viscous flux term F vis is written as
where the coefficient D i is the effective binary diffusivity of species i [29] . Note that the energy diffusive flux consists of energy diffusion due to viscosity, heat conduction represented by Fourier's law, and enthalpy diffusion due to species with different specific heats diffusing into each other. The viscous stresses can be found using the formula
where µ is the coefficient of viscosity and λ is the bulk coefficient of viscosity. Stokes hypothesis can be used to express the bulk viscosity term as λ = −(2/3)µ. The last term in the coupled Navier-Stokes system of equations is the source term S given as
When solving the Navier-Stokes in axisymmetric form, an additional term 1 r (P − τ θθ ) appears in the radial momentum equation and is treated as a source term. The electrostatic forcing due to the electric field acting on the ions is f ES = f x + f y = J · E, where the heavy species current density is J and the electric field is E. The heavy species energy is modified due to ion Joule heating and collisional heating from electron impacts which is accounted for by the term S T g from the plasma bulk energy equation.
Discussion of numerical approach
All plasma governing equations (equations (1), (3) and (4)) are discretized using a cell-centered, finite volume approach on an unstructured, mixed mesh grid. For these equations species fluxes at cell faces are discretized using the firstorder Scharfetter-Gummel scheme [30] . Time integration is performed using an implicit backward Euler scheme. To partially alleviate the strict time-step requirement due to the stiffness of the coupled electron density/electrostatic potential equation, a semi-implicit approach such as the one described in [22, 23] is used. The compressible Navier-Stokes equations equation (8) are all solved simultaneously in a coupled manner. As with the plasma equation discretization, a cell-centered finite volume formulation is used. The face fluxes are discretized using a first order accurate AUSM+up scheme for the convective flux terms [31] and a central-difference scheme for the diffusive flux terms. The Navier-Stokes equations can be solved explicitly or implicitly. For explicit time integration, a fourth-order accurate Runge-Kutte scheme is used. For implicit time integration, a backward Euler scheme is used. For the backward Euler method, analytic flux Jacobian for both the convective and diffusive fluxes in the interior and at the boundaries can be obtained. Local time stepping is used to speed up the rate of convergence when a steady-state solution is sought.
The domain is spatially decomposed into partitions with the discrete governing equations in each partition solved using the domain-decomposition parallel computing approach described previously [18] .
Plasma-fluid solver coupling
The coupled plasma-flow problem is characterized by a vast range of time and length scales. The plasma is low power and very weakly ionized (e.g. 1 charged particle per million 
neutral particles) resulting in very little perturbation of the flow field by the discharge. The discharge is however influenced strongly by the flow field via the background gas composition determined by the helium plasma jet mixing in the ambient air.
The coupling between the plasma and the flow is therefore principally one-way which in turn sets the computational approach for the coupled problem. 
Chemistry mechanism
The primary quantities of interest in this study are the reactive species produced by the discharge and their net flux to the surface. The chemistry mechanism compiled for this work includes an atmospheric-pressure cold plasma helium sub-mechanism, an air chemistry sub-mechanism, and cross reactions between the helium and the air species. The chemistry mechanism comprises 31 species and 136 reactions (tables 1 and 2). The species include: (see table 1 ) the reaction rates were calculated using an offline zero-dimensional Boltzmann solver, BOLSIG+ [32] and tabulated as run-time lookup tables as function of the electron temperature. The remaining reaction rates were compiled from various sources and are listed as Arrhenius rates where A, B, C are the coefficients in the reaction rate formula k r = AT B e
In addition to Joule heating of ions, the plasma can increase the gas temperature either through elastic collision of electrons with neutrals or through inelastic collisions such as electronic excitation of neutrals which are then quenched and return their energy to the gas as heat. The excitation/deexcitation energies are listed in the chemistry mechanism (table 2) for the different reaction pathways. The thermal energy lost by the electrons due to reaction i is E e i and the thermal energy lost by heavy species due to reaction i is E g i . The notation therefore implies that positive E e i is the thermal energy lost by electrons due to the reaction event and negative E g i is the thermal energy gained by the gas due to the reaction event.
Owing to very fast rotational-translational (R-T) energy transfer time scales of molecules it is assumed that rotationally excited states of oxygen and nitrogen are immediately quenched and that their energy is released as thermal energy of the gas. Vibrational-translational (V-T) energy transfer time scales are much longer that R-T timescales and it is assumed that over the duration of a single pulse (150 ns) the energy of vibrationally excited molecules is locked up in this excited mode without being lost to gas heating. Metastable atoms/molecules are modeled as independent species and their collisional de-excitation and corresponding gas heating is treated explicitly through quenching reaction pathways. For the remaining electronically excited states of atom/molecules, it was assumed that 30% of the electronically excited energy is returned to the heavy species as gas heating (see Unfer and Boeuf [24] ).
Simulation configuration
The geometric configuration for the simulations consists of an axisymmetric dielectric tube with a thin electrode embedded in the dielectric. The tube inner radius is 1 mm. The powered electrode is 10 microns thick and displaced a distance of 2 mm from the axis of symmetry. The tube exits into an air domain with solid dielectric target surface placed perpendicular to the tube axis at varying distances ranging from 0.5 and 2 cm from the tube exit. The dielectric is assumed to be 1 mm thick with a relative dielectric constant ε r = 6 for the baseline geometry. Figure 1(a) illustrates the baseline geometry and the overall problem configuration. The mesh used for the simulations along with the domain-decomposition partitions of the mesh are shown in figure 1(b) . The mesh has a total of about 80 000 cells.
For the simulations, two subdomains are specified: the plasma subdomain, indicated by the blue region in figure 1(a) , is where the plasma and flow equations are solved. For the dielectric region, indicated in black with the electrode (in red) embedded within the region, only the electrostatic potential equation (equation (3) with right hand side equal to zero) is solved.
The boundary conditions used for the flow and plasma equations along with the steady-state solutions for the helium mole fraction is shown in figure 2 for a 2 cm and 0.5 cm gap between the tube exit and the dielectric surface. Note that the mole fractions X k of all species can be found in terms of their Table 2 . Helium-air chemistry mechanism used in this study. mass fractions using
where the molar mass of species j is W j .
The solid surface flux boundary conditions are imposed for the plasma governing equations on the dielectric (black) surfaces [33] . For the flow equations viscous, thermally insulated boundary conditions are used at solid surfaces [29, 34] . For secondary electron emission at the dielectric surfaces the following emission coefficients are used: 0.01 for He + and He The single discharge pulse event is excited by a 150 ns, 10 kV trapezoidal pulse with a 10 nanosecond rise and fall time applied to the embedded electrode. The ambient far field (the outflow and the region behind the target dielectric) are electrically grounded.
In addition to the baseline case, two different variations are investigated: a case where the dielectric thickness is increased to 1 cm and a case where the dielectric is placed closer to the tube (0.5 cm versus 2 cm).
Results
The plasma discharge is a fast propagating streamer (ionization wave) that starts off as a surface streamer along the tube inner surface and is subsequently launched into the open volume at the tube exit. The streamer propagation in the volume is guided by the fluid mechanical mixing layer between the helium core and the outer ambient. Figure 1(a) shows a snapshot of the electron density profile generated by the streamer a particular time in the discharge transient. The structure and dynamics of the discharge in the free jet case (without a dielectric target surface) was described in detail in our previous computational modeling work [17, 18] . The present work extends the scope of those simulations to include phenomena of the plasma jet as it interacts with the target surface. As described in detail below, the volume steamer finally impinges on the target surface and spreads along the surface. The nature of this interaction is influenced by several factors including the dielectric target surface properties, the standoff distance of the surface from the tube exit (gap) and ionization wave properties.
Fluid mechanical jet and interaction with the target surface
We analyze the fast ionization wave discharge event over the duration of a single pulse. The flow governing equations are first solved without the plasma and the structure of the fluid mechanical jet along with the laminar (molecular) mixing of the helium with the ambient air is first established. The average velocity of the pure helium flow velocity within the tube is 10 m s −1 corresponding to a fully developed peak velocity at the tube axis of 20 m s −1 . As the flow exits the tube the peak velocity decreases monotonically until it reaches zero velocity at the stagnation point on the dielectric target surface.
The helium core is defined as the region of the jet comprising pure helium (in practice say ∼99% helium, owing to the continuous mixing process with the ambient air. For a case with no target surface the helium core terminates a certain distance from the jet axis depending on the flow velocity at the tube exit and the species inter-diffusivity. In the presence of the target surface the core can extend up to the stagnation point on the surface (here the stagnation point is the location of the intersection of the axis with the target surface) resulting in a continuous pure helium core extending from the within the tube to the target surface. Figure 2 shows mixing profile of the helium into the ambient air as described by the helium mole fraction for the baseline case with a 2 cm gap and the case with a smaller gap of 0.5 mm. For the relatively long gap in the baseline case, the helium core is seen to terminate ahead of the stagnation point in the surface while in the short gap case the helium core extend to the surface.
An important consequence of this fluid mechanical structure of the jet interaction with the surface is that in the baseline (long gap) case the stagnation point on the dielectric surface sees a finite mole fraction of oxygen and nitrogen immediately above it, while in the short gap case the stagnation point sees pure helium. The helium core in the short gap case extends some radial distance along the target surface and finally mixes into the air. As a consequence, the helium mole fraction is close to unity for a radial distance of about 3 mm from the stagnation point along the target surface and then rapidly drops thereafter. In the baseline case the helium mole fraction is less than unity at the stagnation point and drops rapidly for radial distances away from it. These features of the helium jet mixing with the ambient air and the gas chemical composition profiles immediately above the target surface have a strong influence on the plasma-surface interactions. Note that the mole fraction profile is crucial as it guides the subsequent discharge and determines when it will cease to propagate once the air-helium mole ratio exceeds a certain value.
Plasma discharge structure for the baseline case
Once the high voltage pulse is applied, a highly nonequilibrium plasma forms within the dielectric tube and propagates into the ambient gap as a guided streamer discharge. The electron temperatures within the head of the streamer are on the order of 10-15 eV and are significantly higher than the heavy species temperature. The heavy species gas temperature remains at ambient (300 K) temperatures and does not increase by more than a few kelvin. The multiple stages of the discharge including the surface streamer along the inner surface of the dielectric tube, free volume propagation along the fluid mechanical mixing layer, and the impingement of the streamer at the target surface and subsequent propagation along the surface for the baseline case are shown in the transient time snapshots in figure 3. The figure shows both the electron densities at various times during the transient and the electrostatic potential at these time instances.
The gas breakdown is found to occur after a 10-20 ns induction time from the start of the pulse. During the first 30 ns of the transient, the plasma is confined to the region within the dielectric tube. Initially the streamer propagates directly adjacent to the surface and is driven by charge trapping on the dielectric surface (this surface streamer mode was described in our previous modeling work on nanosecond pulsed surface streamers [21] ). The surface streamer subsequently detaches from the surface and propagates parallel to the surface at a small offset distance away from the tube inner surface. In this mode, the streamer propagation is driven entirely by space-charge effects in the streamer head with no significant surface charge trapping on the tube inner surface. The electron temperature within the streamer head is of the order of 15 eV while confined to the tube.
Shortly after 30 ns, the streamer reaches the tube exit and is launched into the fluid mechanical mixing layer that is formed between the helium jet and the ambient air. As explained in our previous work and by others [15, 16, 18] the mixing layer provides a preferred low impedance path for the streamers to propagate into the volume. The volume streamer trajectory typically follows the 99% helium-air mole fraction line which results in the distinctive toroidal shape for the streamer head regions where much of the ionization occurs. This is referred to as a plasma bullet in the literature [11, 12] . The propagation speed of the streamer (bullet) is of ∼100 km s −1 . Since the 99% helium-air mole fraction line closes on itself at the jet axis for the large-gap baseline case, the toroidal shape of the ionization front eventually peaks at the jet axis at about 60 ns. Thereafter the streamer weakens as it continues to propagate toward the target surface. The peak electron density in the streamer is about 10 20 m −3 . The electron temperature of streamer head is on the order of 10 eV as it propagates along the helium-air mixing layer.
At around 75 ns the streamer head reaches the target surface where charged and radical species are deposited on the surface. The charged species deposition and the consequent charge trapping causes self-induced fields on the dielectric target surface that drive the streamer radially outward. The streamer spreads about 4 mm radially over the target surface before the ambient air quenches the streamer completely. The electron temperature is on the order of 5 eV in the surface driven discharge and decreases as it spreads radially outward. The charge density in the streamer is sufficiently high that a significant distortion of the electrostatic potential occurs as shown in figure 3 . The potential at the head of the streamer and in the streamer column behind the head of the streamer is about 8 kV during the initial part of the transient. After about 75 ns, the potential decreases rapidly after the streamer head impinges on the target surface and deposits net charge on the target surface (essentially quenching of the streamer). During this phase the tail of the streamer that persists in the tube deposits negative charge (electrons) at the tube inner surface resulting in a negative self-induced potential in the tube. Finally, the potential in the streamer collapses with the resulting end to the streamer propagation at the end of the transient.
Radical species production.
Reactive species can be produced and delivered to the target in two ways: they can be produced in the gap and convected to the surface or they can be produced by the plasma in the vicinity of the target surface itself. Snapshots of the O, N, O 2 (a1) (singlet delta oxygen or SDO) and O 3 radical densities after 100 ns of simulation time are shown in figure 4 . The peak radical species densities in the streamer are roughly: 10 22 m −3 for O, 10 20 m −3 for N, 10 21 m −3 for SDO and 10 20 m −3 for O 3 . As described earlier, the streamer reaches the target dielectric surface and spreads out radially delivering a relatively large footprint (compared to the tube exit area or the volume streamer cross sectional area) over which the plasmasurface interaction takes place. Figures 5, 6 and 7 show the net total flux of radicals, positive ions, electrons, and negative ions to the target surface at 100 ns after pulse initiation for the baseline (2 cm gap, 1 mm thick plate), the short gap case, and the thick dielectric cases, respectively. The species flux profiles are shown as a function of the radial distance along the surface from the stagnation point. The footprint of the plasma-surface interaction is seen to be circular, over 5 mm in radius, centered at the stagnation point for the long and the short gap cases and corresponds to the relatively high active species (radical and charged particle) fluxes to the surface. For the thick dielectric case the interaction footprint is seen to be annular rather than circular, again centered at the stagnation point, with the active species fluxes reaching relatively high values for radius greater than about 6 mm. Consequently, surface interactions that are sensitive to air species fluxes will show an annular interaction zone, rather than a circular interaction zone on the target surface. Overall, the magnitude of active species fluxes to the surface are comparable for the long and short gap cases. For the thick dielectric case, the active species fluxes to the surface are several orders of magnitude lower than in the thin dielectric (long and short gap) cases. Note that figure 5 through figure 7 display the net (total) positive flux at the dielectric surface. Hence for some species (e.g. the electrons) where surface processes can result in a net flux back into the plasma there are some regions where the electron flux is negative and consequently appear as gaps in the log plots.
The O radical flux is observed to be the dominant with the peak occurring at the leading edge of the streamer as it propagated along the target surface. N, NO x and O 3 radicals are produced by the surface discharge but their fluxes to the surface are negligible compared to O radical fluxes. The dominant positive ion flux to the surface is of O The dominant negatively charged species that are delivered to the surface are electrons. We also note that the ion impact energies on the target surface are of order 1 eV (not shown), indicating that the plasma-surface interaction is predominantly chemical in nature.
The species that impact the target surface can originate from the body of the volume streamer that propagates through the gap and in the surface streamer that propagate radially over the target surface. The species can be categorized as shortlived species such as the charged species and radicals such as O and N and long-lived species such as SDO and O 3 . The gas flow velocities are negligibly small (<10 m s −1 ) and as a result the typical gas flow convection time for ∼1 cm gap is ∼10 −3 s. The lifetimes of short-lived species are significantly smaller than this time scale and consequently none of these species produced in the bulk of the volume streamer are transported to the surface by fluid convection. Long-lived radicals however can have lifetimes that are comparable or greater than flow convection time scale so that these radicals produced in the volume streamer can be transported to the surface by convection. All species fluxes to the target surface shown in figures 5 and 6 are therefore clearly produced in the surface streamer that propagates immediately above the surface. In the real system, the influence of the long-lived species is expected to be much higher than that shown in figures 5 and 6 owing to the additional convective transport of the radicals that are not predicted for the small physical timescales considered in these simulations.
Effect of target dielectric thickness. Next, the baseline case is compared to a case where the target surface dielectric thickness is increased from 1 mm to 1 cm decreasing the effective capacitance of the target dielectric layer by a factor of 10. Transient snapshots of the electron density and the electrostatic potential at intervals of 20 ns from the start of the trigger to 140 ns are shown in figure 8 .
The dynamics of streamer propagation in the tube and across the gap is not affected by the target dielectric thickness and is hence virtually identical to the baseline case. As the streamer head approaches the target surface it changes direction and moves parallel and radially out over the surface without making contact with the surface. Essentially, the streamer remains a volume streamer and does not transition into a surface streamer over the target surface as in the baseline case. The standoff distance of the streamer above the surface is about 0.5 mm to 1 mm. The ability of the streamer to make contact with a target dielectric surface and deliver charged and radicals species to the surface is therefore found to be a strong function of the thickness and hence capacitance of the dielectric layer. The reason for the difference can be understood by comparing the electrostatic potentials in figure 3 for the baseline case and figure 8 for the thick target dielectric case. As the streamer approaches the target, the initial ground potential of the surface acts as a cathode over which an excess of positive ions are delivered resulting in a net positive surface charge over the dielectric. This situation is the opposite of the dielectric tube surface where a net negative charge is deposited. The resulting self-induced potential on the target dielectric surface is a function of capacitance of the dielectric Figure 7 . Flux of (a) radicals, (b) positively charged ions and (c) electrons and negatively charged ions to the target dielectric surface at 100 ns after pulse initiation for the thick dielectric case (2 cm gap, 1 cm thick plate).
layer. For the thick dielectric (low capacitance) case, the net positive surface charge deposited on the surface induces a high positive surface potential that essentially creates a potential barrier for the propagation of the streamer, forcing it to move parallel to the surface without making intimate contact with the surface. This behavior is also seen in the baseline case although the potential induced on the case of the thin dielectric (high capacitance) is much lower and the target dielectric surface essentially remains close to ground. The streamer therefore propagates very close to the surface as a surface streamer.
Effect of gap distance. Next we consider the effect of decreasing the gap distance between the tube exit and the target surface from 2 cm in the baseline case to 0.5 cm. The thickness of the target dielectric and all other parameters are kept the same as in the baseline case. The gas flow profile is recomputed for this lower gap case and the helium mole fraction corresponding to this geometry is shown in figure 2(b) . Overall, the closer gap results in higher jet flow velocities in the normal to the target surface in the vicinity of the stagnation point and hence a thinner stagnation point boundary layer compared to the baseline case. Importantly, the 99% helium mole fraction line is no longer terminated along the jet axis upstream of the target surface. It now extends over the target surface and terminates on the surface at a radial distance of about 3 mm from the stagnation point.
As seen in figure 9 , the smaller gap results in a shorter transient time for the streamer from the tube to the target surface (40 ns versus 75 ns in the baseline case). As a consequence of the 99% helium mole fraction line terminating on the target dielectric rather than the jet axis, the streamer propagates along this line in a radially outward direction until it impact the surface at a radial distance of about 3 mm (same as the 99% helium mole fraction line). Following this the streamer branches into two surface streamers one of which propagates radially inward toward the stagnation point and the other radially outward. The outward propagating surface streamer moves to a radial distance of nearly 6 mm away from the stagnation point. Overall the interaction area of the streamer with the target surface (6 mm radius) is larger than in the baseline case (4 mm radius). Close gap configuration with small distances between the tube exit and the target surface is therefore desirable to maximize plasma-surface interaction area.
Comparison of net species fluxes. As a measure of the effectiveness of the three configurations in delivering radicals to the target surface, the area integrated surface flux of species as a function of time is shown in figure 10 . The dominant reactive species flux O and the net positive charge flux for the baseline case; the small air gap case and the thick dielectric case are compared.
The net quantity of radicals and ions delivered to the surface is proportional to the integrated area under each curve. It is seen that in the 0.5 cm gap case, the closer proximity of the tube to the target surface, delivers radical and charged species to the surface far earlier in the pulse transient than in the 2 cm gap cases. In addition, the peak O radical flux is greater than the baseline case.
In figure 10 it can be seen that the 0.5 cm gas case delivers significantly more O radicals and ions to the surface than the 2 cm case. It was previously mentioned that by increasing the dielectric surface thickness, the electrostatic potential profile changes and instead of propagating directly on the surface as for the 1 mm thick case, the streamer propagates parallel to the surface at a distance of approximately 1 mm from the surface. The result is that the net flux of radicals and charged species to the surface is lowered by 5-6 orders of magnitude. Clearly, close proximity of the target surface to the tube exit and low thickness (high capacitance) dielectric target surface are desirable to maximize the radical flux to the surface. The discharge is found to be highly ineffective in the delivery of plasma species to thick, low capacitance dielectric target surfaces.
Conclusion
To summarize, a two-temperature, non-equilibrium plasma model has been coupled with a compressible flow solver to simulate the plasma discharge in an atmospheric pressure helium jet (APPJ) impinging on a target dielectric surface. Pure helium with an inlet velocity of 10 m s −1 (1.885 l min −1 ) was exhausted into ambient air where a steady-state laminar flow solution of the jet impinging on a solid wall was obtained. A 10 kV, 150 ns pulse with rise/fall time of 10 ns was then applied at the powered electrode. The resulting plasma discharge is a fast ionization wave (streamer) that propagates from within the tube, out into the helium jet and to the surface of the target dielectric.
The study provides insights into the role of target proximity (gas exit tube to target distance) and target thickness and dielectric properties on the APPJ plasma-surface interactions. If the thickness of the target dielectric (grounded from the back side) is small enough, the streamer contacts the surface and propagates adjacent to the surface until the fraction of air in the ambient is great enough to quench the ionization wave. For thick target dielectrics, the streamer does not directly contact the surface but instead propagates parallel to the surface with a small standoff distance. Peak radical production was observed in the region of the helium jet where a discernible pure helium core (region of 100% helium mole fraction) exists. For species that have long lifetimes, particular singlet delta oxygen, it is possible that bulk flow convection can carry these species produced in the gap to the target surface over longer timescales and subsequent pulses. Most of the short-lived species, such as O and N and charged particles, are produced on site by the ionization wave as it propagates along the surface where they flux to the target surface. For a long gap, thin dielectric case a circular plasma-surface interaction zone is observed with O radicals and O + 4 ions being the dominant active species to the surface. For a short gap, thin dielectric case, the plasma-surface interaction is dominated by helium species in an inner circular zone, followed by and outer annular zone where air species fluxes to the surface are dominant. Short gap configurations therefore produce an annular plasmasurface interaction if these interactions are dominated by active air species fluxes to the surface. For a thick dielectric case, an annular interaction zone with much lower species fluxes to the target surface is observed.
